1-[(5-Phenyl-1,3, 4-oxadiazol-2-yl)thio] acetone (POTA) was synthesized and tested as a new corrosion inhibitor for low carbon steel in 1 M hydrochloric acid. The diagnosis of POTA was carried out by FTIR and NMR analysis. Inhibitor performance was investigated using mass loss technique. POTA was acted as a moderate corrosion inhibitor for low carbon steel in 1 M hydrochloric acidic solution with efficiency more than 70%. The inhibitor performance was attributed to the formation of an adsorption layer on the low carbon steel surface. The mechanism of inhibitor adsorption on the low carbon steel surface was according to the Langmuir adsorption isotherm. The value of adsorption heat was within the range of chemical adsorption. Quantum chemical studies were adopted as a theoretical tool to clarify the mechanism of inhibition and to support the experimental part.
Introduction
Steel alloys are widely used in the construction of different industrial equipment, such as power station plants, petroleum and chemical units due to high mechanical strength, low cost and easy creation [1, 2] . These varieties of applications make steel and its alloys in interaction with various aggressive media. Acids represent one of these harmful and aggressive solutions. Acidic solutions used in huge amount during pickling processes, cleaning, descaling, and acidification of an oil well, etching, etc. [3] . Steel alloys react simply in acidic solution and transformed from metallic state to ionic state leading to economic problems. Thus, a compulsory necessity exists to improve some powerful approaches to control corrosion. Among these approaches, the use of corrosion inhibitors is widely adopted [4] [5] [6] . Anticorrosion materials and inhibitors can be categorized according to chemical structure and action method. Organic corrosion inhibitors represent one of the common types that gained an importance due to high protection ability and relatively low-cost synthesis. The prevention method of corrosion inhibitors may be attributed to their adsorption on the steel surface and hindering the corrosion active sites. Protection barrier between the metal surface and aggressive solution can be formed to reduce corrosion damages and prevent the steel dissolution [7, 8] . Organic corrosion inhibitors that contained heteroatoms; such as nitrogen, oxygen, phosphorous and sulfur have verified theoretically and experimentally to act as effective corrosion inhibitors in a wide variety of acidic solutions [9, 10] . Generally, inhibitors performances are inversely related to the electronegativities of their heteroatoms that follows the reverse order, so that in sulfur, nitrogen, oxygen and phosphorus, the inhibition performance followed the order of: oxygen < nitrogen < sulfur < phosphorus [11] . The performance of corrosion inhibitors with heteroatoms can be attributed to their high polarizability and low electronegativity; so that these functional groups and atoms can protect large surface areas of metal and easily transfer electrons to the empty atomic orbitals [12] . Furthermore, nitrogen containing organic inhibitors are good materials for metal protection in HCl acid, while compounds having sulfur atoms act as good inhibitors in H 2 SO 4 acidic solutions. Compounds containing nitrogen and sulfur behave as ideal inhibitors in both acidic solutions [13] . The performance of all inhibitors for different metal alloys in severe acidic solutions depends on the nature of the inhibitor layer accumulated on the metal surface and the nature and number of adsorption sites contributing in the adsorption process. The presence of organic compounds in the acidic solutions usually changes the electrochemical behavior of metal in the acidic media. In other words, the corrosion action of the solution decreases significantly. No universal inhibitor exists; each inhibitor must be designed, synthesized, and tested experimentally and theoretically to be suitable for specific operating conditions.
Many studies are available in the literature about using organic corrosion inhibitors in aqueous and acidic solutions.
Nwanonenyi et al [14] studied the performance of polyvinylpyrrolidone and soy polymer extract from Glycine Mac-l as anticorrosion materials for carbon steel corrosion in 1 M H2SO4. The maximum inhibition efficiencies were 89.5% and 84.36% for soy polymer and polyvinylpyrrolidone respectively, which highly dependent on inhibitor concentration. Raghavendra [15] investigated the inhibition performance of expired Lorazepam tablet on low carbon steel in 3 M hydrochloric acid solution. It was found that maximum protection efficiency was 90% at 0.4 g/L of drug concentration at 333 K and 3 h exposure time. Nwanonenyi et al. [16] investigated the adsorption behavior and inhibition efficiency of hydroxypropyl cellulose on aluminium corrosion in 0.5 M HCl and 2 M H2SO4. Maximum inhibitor efficiency was 84.29% in HCl and 95.92% in H2SO4 at 30 ℃ and 5 g/L inhibitor concentration.
In our previous work [17] , six heterocyclic compounds were synthesized and tested as corrosion inhibitors for mild steel in 0.5 M HCl. The inhibition efficiency was more than 95%. The inhibitor performance was ascribed to the formation of adsorbed mono layer on the metal surface according to the Langmuir adsorption isotherm. This work encourages us to design and synthesize of newly heterocyclic compounds to work as corrosion inhibitors in acidic solution.
Therefore, the present work is a new attempt in direction of synthesis and investigation of organic heterocyclic compound as a corrosion inhibitor for low carbon steel in hydrochloric acid solution.
Experimental Work

Materials and Test Conditions
Low carbon steel samples used during the tests have the chemical compositions listed in Table 1 . Before each test, the steel samples were abraded with emery papers with of 200-1500 grade, washed with tap water, dried, then washed with distilled water, dried, dipped in acetone and alcohol, and then dried under dry air. The corrosive solution was aqueous hydrochloric acid (1 M). It was prepared by diluting Analar Grade of 37% HCl in distilled water. Measurements were performed in triples to obtain a satisfactory reproducibility. Measurements were carried out at different temperatures (20, 40, 60 and 80 °C), different exposure times (3, 6, 9 and 12 h) , and different inhibitor concentrations (20, 40, 60 and 80 ppm).
Synthesis of Inhibitors
The scheme of synthesis procedure of inhibitor was shown in Fig. 1 . Synthesis of 1-[(5-phenyl-1, 3, 4-oxadiazol-2-yl) thio] acetone, which is designated in this present work as POTA, was carried out according to the reaction shown in the scheme ( Fig. 1 ) The whole process can be described in the following steps:
(i) Synthesis of benzohydrazide A mixture of the hydrazine hydrate (0.1 mol) and ester (ethyl benzoate, component 1 in Fig. 1 ) (0.05 mol) in ethanol (100 mL) was prepared by stirring for 3 h at room temperature. Then filtered [14, 15] .
(ii) Synthesis of 5-phenyl-1,3,4-oxadiazole-2-thiol (component 3 in Fig. 1 )
A mixture of carbon disulfide (10 mL) and hydrazide (0.01 mol) in the presence of potassium hydroxide (0.01 mol) in ethanol (15 mL) was prepared and refluxed for 10 h. After the mixing process, the solution was cooled and acidified with hydrochloric acid solution to reach a pH of 5-6. Then, the product was crystallized from ethanol [14, 15] . 
Mass Loss Procedure
The mass loss measurement was employed to evaluate the effect of temperature, time, and inhibitor concentration on the corrosion inhibition efficiency of POTA. Low carbon steel circular specimens, with dimensions of 2.4 cm diameter and 0.1 thickness, were used during the tests. Chemical compositions of the steel samples were listed in Table 1 . Samples were cleaned and washed with running tap water, then followed by distilled water, dried with clean cloth, immersed in alcohol and acetone, dried again with clean cloth, then, kept in desiccators over silica gel bed until time of use. Electronic vernier was used to measure the dimensions of each sample to the second decimal of millimeter. Electronic balance was used to measure the mass of samples to the fourth decimal of gram. The low carbon steel sample was completely dipped in 0.5 L conical flask of uninhibited and inhibited 1 M HCl solution. Samples were exposed for a period of 3 h at the desired temperature and inhibitor concentration. Then the metal samples were cleaned again according to the above procedure. Mass loss in mg/cm 2 while the corrosion rate was expressed in g/m 2 /h 1 was determined in absence and presence of POTA.
Results and Discussion
Inhibitors Diagnosis and Measurements
Fourier transform infra-red (FTIR) spectra were obtained using Perkin Elmer instrument, tensor 27 (Bruker), with KBr disk in the range of 400-4000 cm −1 . As shown in Fig. 2 , FT-IR (KBr, υ, cm −1 ): 3060, 3000 cm −1 (C-H) refer to aromatic CH stretching vibrations, other bands at 2960, 2920 cm −1 attributed to aliphatic CH stretching vibrations, while the band at 1715 cm −1 due to (C=O), also the stretching vibration of C=N, C=C bonds appeared at 1556, 1506, 1449 cm −1 and the C-C stretching vibration at 1158 cm −1 . 1 H-NMR and 13 
Mass Loss Measurements
Corrosion rate via mass loss technique is a very conventional technique. It was used in many researches as a powerful tool for corrosion rate estimation [18] [19] [20] . The corrosion rate values were calculated using Eq. 1 [21] :
Mass loss represents the difference in masses between the mass before test (W 1 ) and the mass after test (W 2 ). Corrosion rate data were used in evaluating the percentage of inhibition efficiency (%IE) or surface coverage (θ = %IE/100) according to the following equation [22] : 
where CR uninhibit and CR inhibit are the corrosion rates in uninhibited and inhibited acidic solution, respectively. Generally, the corrosion rate decreased with increase of inhibitor concentration and increased with the temperature. While the values of %IE increased with the increase of both the inhibitor concentration and the temperature will be discussed later. The aim of present work is focused on synthesis of newly corrosion inhibitor for steel alloy in acidic solution. Therefore, the design of experimental work is concentrated on testing the inhibitor at specific conditions. Tables 2, 3, 4 shows the effect of time, temperature, and inhibitor concentration on the performance of POTA.
In Table 2 , the effect of time on corrosion rate and inhibition efficiency was presented. After 3 h of immersion time, the inhibition efficiency was relatively higher than the inhibition efficiency at other times (6, 9, and 12 h) . This may be attributed to the increasing of desorption rate with increasing of time. Dealing with inhibitor at early stages (below than 3 h) is better than higher stages.
In Table 3 , the effect of temperature on corrosion rate and inhibition efficiency was collected. Corrosion rate increased with temperature. Furthermore, the inhibition efficiency increased with temperature due to chemisorption of POTA on metal surface as will be discussed later.
In Table 4 , the effect of POTA concentration on corrosion rate and inhibition efficiency was also collected. Corrosion rate decreased with inhibitor concentration.
While, the inhibition efficiency increased with increasing of POTA concentration.
Effect of Time and Kinetics Studies
Processes of heterogeneous chemical reaction happening in solid-liquid interface assume the contribution of the solid phase and its resulting variation in the reaction course [23] . Time dependence of the solid phase is responsible for the certain specific kinetics of these processes and stimulates the exponential kinetic equations applicability for the process rate [24, 25] . The reaction rate equation can be expressed according to the following equation: m presents the mass loss, t is the time, k is the rate constant, and n is the reaction order. Three reaction kinetics equations were suggested depending on the order of reaction; zero, first and second order kinetics equations. Equation 1 was integrated for n equal to zero, one and two and illustrated in Fig. 5a -c. As shown in this figure, the best fitting was obtained with zero order reaction kinetics with high correlation coefficient (Fig. 5a ). While in Fig. 5 b and c, the scatter in points were higher and the correlation coefficients were lower than zero order reaction. Table 5 collects the values of rate constant and half life time of the zero order reaction. The value of reaction rate constant was the highest in absence of inhibitor. The time required to consume the half mass of initial material (t 1/2 ) increased slightly in presence of inhibitor. Zero-order kinetics suggests that only a small amount of the reactant are in a location in which they are able to react, and this amount is continually reloaded from the larger source. In other words, the concentration of one of the reactants is much greater than those of others, which occurs commonly in a heterogeneous reaction. Figure 6 shows the effect of time on inhibitor performance of 20 ppm POTA at 20 °C. At 3 h experiment, the value of surface coverage was around 0.45 approximately, which means that the adsorption rate of POTA molecules was higher than the desorption rate. Beyond 6 h, the surface coverage approaches the dynamic equilibrium conditions and the adsorption rate of POTA molecules was equal the desorption rate. Figure 7 , showed that at a specific temperature, the corrosion rate of low carbon steel decreases with an increase of concentration of POTA. The inhibition efficiency increase with inhibitor concentration and approach the maximum value of 71% at 20 °C and 80 ppm, which attributed to an increase in the adsorption rate of the inhibitor molecules on metal surface. Essential stage in the performance of POTA behavior in acidic solution is frequently agreed to be the adsorption in the steel surface. The hypothesis included in adsorption process indicated that the corrosion reactions are disallowed from occurring over the area or active sites of the steel surface protected by adsorbed inhibitor molecules, whereas these corrosion reactions occurred generally on the inhibitor-free active sites [26] . The surface coverage (θ) data 
Influence of Inhibitor Concentration and Adsorption Parameters
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Corrosion rate at 20 o C Surface coverage at 20 o C the degree of adsorption, i.e., the higher the value of equilibrium constant specifies that the POTA molecules is strongly adsorbed on the metal surface, n is a constant, and a is the molecular interaction parameter. Table 6 collects the adsorption parameters. The higher correlation coefficient was obtained with using of the Langmuir adsorption isotherm. The dependence of θ on the POTA concentration was tested graphically by fitting it to Langmuir adsorption isotherm that assume a metal surface containing a fixed number of adsorption sites and each site took only one adsorbed molecule. Figure 8 illustrates linear plots for C inh /θ versus C inh with average correlation coefficient (R 2 ) equal to 0.99, which suggests that the adsorption process obeys the Langmuir adsorption isotherm [27] . The slops of Langmuir adsorption lines are close to unity, which mean that each inhibitor molecules inhabits one active site on the steel surface. Equation 5 can be used to calculate the standard free energy of adsorption (ΔG ads ) [27] :
The number 55.5 represents the water concentration in solution expressed in molar (converted to ppm for dimensional consistency), T absolute temperature and R is gas constant. The value of ΔG ads° was − 22.5 kJ/mol, which calculated from adsorption constant obtained from Langmuir adsorption isotherm. This negative value ensures the stability and spontaneity of adsorbed layer. Usually, values of ΔG ads° up to -20 kJ/mol agree with electrostatic interaction between the molecules of inhibitor and the metal surface, i.e., physical adsorption. While those values around − 40 kJ/mol or higher are associated with sharing or transfer of electrons from the molecules to the metal surface to form a coordinate type of bond, i.e., chemical adsorption [28] . In other researches and studies different range of ΔG ads° was suggested to be lies between − 21 and − 42 kJ/ mol [29] . Therefore, for current study the values of adsorption heat have been considered within the range of chemical adsorption. Saady et al [30] studied the performance of 2-(hydroxymethylene)-3,3-dimethyl-3-oxo-2,3-dihydro-1H-indene-1-one (HIO), 2-(4-methylbenzylidene)-3-oxo-2,3-dihydro-1H-indene-1-carboxylic acid (MIC), and 2-benzylidene-3-oxo-2,3-dihydro-1H-indene-1-carboxylic acid (BIC) on low carbon steel in hydrochloric acid. Three adsorption isotherms were investigated. Langmuir adsorption isotherm, Frumkin adsorption isotherm, and Temkin adsorption isotherms. Best fitting was obtained using Langmuir adsorption isotherm. Free energy (ΔG ads°) values were used to study the mechanism of adsorption. All values were around − 40 kJ/mole indicating a chemical adsorption.
Influence of Temperature and Activation Parameters
It was shown that at certain temperature, corrosion rate of low carbon steel decreases with an increase in concentration of POTA. Figure 9 shows the variation of corrosion rate in absence and presence 20 ppm of POTA. In similar figure, the surface coverage increased with temperature, which indicates the improvement of POTA performance at elevated temperatures. This agrees with assumption of chemical adsorption of POTA molecules on metal surface. These results agree with many researches [17, 19, 25] . Enhance in inhibitor performance with temperature is apparently due to an increase in the chemisorption of the POTA. The kinetics of the POTA performance can be understood by comparing the activation energy (E a ) in the inhibited and uninhibited acidic solution. Activation energy in absence and presence of POTA in 1 M hydrochloric acid for proceed of low carbon steel corrosion at diverse temperatures was evaluated using Arrhenius-type equation [31] :
CR is the corrosion rate of low carbon steel, R is the universal gas constant and A is the Arrhenius constant or modified frequency factor. Figure 10 shows the plot of logarithm of corrosion rate versus reciprocal of absolute temperature. Straight lines are obtained with slopes of ΔE a /R that can be used for evaluating of activation energy. The activation energy in absence of inhibitor was higher than inhibited acidic solution. The values were 73.64 and 65.51 kJ/mol in absence and presence of inhibitor, respectively. The reduction in the value of activation energy
looks to be unordinary. However, this may be ascribed to increase of steel surface coverage by the POTA molecules at elevated temperatures and also suggest the formation of chemisorbed layer at higher temperatures [32] . Other authors [33] found that some inhibitors in the acidic solutions alter the corrosion reaction kinetics by suggesting different reaction paths with low activation energy.
Theoretical and Quantum Chemical Studies
Theoretical and Quantum calculations have been broadly used to investigate inhibition process mechanism and to obtain specific view for the inhibition mechanism [34] . By applying of quantum chemical calculations, the structural parameters, such as, Energy gap (ΔE), LUMO (lowest unoccupied molecular orbital), HOMO (highest occupied molecular orbital), dipole moment (µ), and fraction of electron transferred (ΔN) were calculated. The structure of POTA was optimized by ArgusLab software. Figure 11 shows the optimized structures, HOMO, LUMO and charge density distribution of POTA inhibitor. Table 7 the summarized the values of calculated quantum chemical properties. Both the HOMO and LUMO distributions of synthesis POTA was concentrated mainly over sulfur and nitrogen atoms (As seen in Fig. 11b, c) . E LUMO and E HOMO categorized the electron-receiving and -donating ability of POTA. In general, a low E LUMO implies that POTA tend to accept electrons, while a high E HOMO refers to a strong electron-donating [35] . The chemical stability of inhibitors can be specified by ΔE. The low energy gap value typically leads to higher adsorption on the steel surface that leading to a greater inhibition performance [36] . The number of transferred electrons (ΔN) was also calculated according to Eq. 7 [37] . where X Fe and X inh denote the absolute electronegativity of steel and the POTA inhibitor molecule, respectively; η Fe and η inh denote the absolute hardness of iron and the inhibitor molecule, respectively. These quantities are related to electron affinity (A) and ionization potential (I) that both related in turn to E HOMO and E LUMO :
The hardness (η) is related to global softness (σ) according to following equation [38] :
The values of η and X were considered by using the values of A and I gained from calculation of quantum chemical. X Fe equal 7 represents the theoretical value according to scale of Pearson's electronegativity and η Fe is 0 eV/mol [39] . The electrons fraction (ΔN) transferred from POTA to the steel surface was estimated and listed in Table 7 . If ΔN < 3.6, the inhibition efficiency increased with increasing electron donating ability at the steel surface according to Lukovits [40] . In present work, POTA was the donor of electrons, and the acceptor was steel surface. This result supports the assertion that the adsorption of POTA on the metal surface can occur on the bases of donor-acceptor interactions between the Л electrons of the compound and the vacant d-orbitals of the metal surface. Dipole moment (µ) is also a significant factor. There is shortage of information on the relation between µ and inhibitive performance. Some workers stated that a low µ value will favor accumulation of the inhibitor on steel surface and therefore increasing its performance [41, 42] . While others researches suggested that a high value of dipole moment associated to the dipole-dipole interaction of inhibitor and metal surface can enhance the adsorption on the metal surface and increasing efficiency [43, 44] . The distributions of Mulliken charge of POTA is presented in Table 8 . It can be seen that nitrogen atoms, oxygen atoms and some carbon atoms have higher charge densities. The regions of highest density of electron are normally the sites of potential for the electrophilic attack [45, 46] . The use of Mulliken distribution to investigate adsorption center of inhibitors has been reported earlier [47] . Based on the results, the highest electron densities were located on N, O and C atoms implying that these atoms were the active centers, which have the strongest ability of bonding to the low carbon steel surface. 
Conclusion
The POTA inhibitor was synthesized and tested as a corrosion inhibitor for low carbon steel in hydrochloric acid solution. FTIR and NMR analysis were used to diagnosis of POTA. The addition of POTA to the 1 M hydrochloric acid at different temperature and inhibitor concentration decreases the corrosion of low carbon steel with inhibitor efficiency exceed 70%. Inhibitor efficiency of POTA increased with an increase in the inhibitor concentration. The inhibition efficiency of POTA was ascribed to the formation of a monolayer on the low carbon steel surface. Adsorption follows Langmuir adsorption isotherm with high negative value of heat of adsorption, which indicates the formation of chemical layer on the metal surface.
